This paper describes a highly sensitive and selective chemical sensor using living cells (Xenopus laevis oocytes) within a portable fluidic device. We constructed an odorant sensor whose sensitivity is a few parts per billion in solution and can simultaneously distinguish different types of chemicals that have only a slight difference in double bond isomerism or functional group such as ─OH, ─CHO and ─Cð═OÞ─. We developed a semiautomatic method to install cells to the fluidic device and achieved stable and reproducible odorant sensing. In addition, we found that the sensor worked for multiple-target chemicals and can be integrated with a robotic system without any noise reduction systems. Our developed sensor is compact and easy to replace in the system. We believe that the sensor can potentially be incorporated into a portable system for monitoring environmental and physical conditions. fluidic channel | odorant receptor | robot | Xenopus oocyte
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Natural living systems, on the other hand, show reactions unique to several chemicals at the molecular level. Such systems are able to distinguish between different chemical moieties found in odorants and tastants (7, 8) . The specificity of an organism's response to certain chemicals comes mainly from membrane proteins associated with the organism. For example, when a certain ion channel activating a single ligand molecule opens for 1 s under a −100 mV-membrane potential, the number of monovalent ions that are transferred through the ion channel reaches the 10 6 -10 7 level and generates a few picoamperes (9) . This reaction means that chemical signals are converted to amplified current signals in living systems; the system can be regarded as a transistor with an excellent amplifier. Thus, living cells represent attractive tools for realizing highly selective and sensitive chemical sensors (10, 11) .
To exploit the properties of living cells for application in chemical sensors, electrical measuring methods of cells including the patch clamp technique have been suggested (12) (13) (14) . However, these methods are unsuited for a portable device because laborious cell handling using micromanipulators under a microscope and noise reduction processes are required.
Here, to overcome these problems, we have combined the use of Xenopus laevis oocytes and fluidic devices to develop a highly sensitive and selective odorant sensor using oocytes capable of expressing insect olfactory receptors. Xenopus oocytes are not only useful for the expression of many membrane proteins, but they are also easy to handle owing to their cell size of about 1 mm in diameter (15) (16) (17) (18) . However, these oocytes have not previously been considered for application as sensors. A fluidic device is considered a suitable cartridge-type platform for use as an automatic cell array (19) , and it can be integrated with electrical measuring systems (20) . Furthermore, closed fluidic channels are expected to reduce noise due to low fluctuation of the channel flow. For construction of a reproducible system, we investigated the flow rate and layout of glass electrodes in the fluidic channel. We also demonstrated that the resultant fluidic device could distinguish chemicals due to the high specificity of the receptor used, and it could be connected with a servo motor.
Fig . 1A shows the concept image of the odorant sensor based on a fluidic device employing oocytes to express insect olfactory receptors. The setup is composed of the sensor device, an amplifier, a computer, and actuators or robots. In our proposed system, the fluidic channels have oocyte-trap regions ( Fig. 1 B and C) and electrodes for measurement of the oocytes' response to each chemical by the two-electrode voltage clamping (TEVC) method (Fig. 1D) (21) . We used pheromone and odorant receptors of moths or flies as model chemical receptors; the expression procedures of these receptors are widely studied and sufficiently established for use in this work. Unlike mammalian odorant receptors that belong to the G-protein coupled receptor family, insect olfactory receptors work as an ionotropic receptor (22) . This type of receptor combines both the functions of ligand recognition (receptor) and ion flux regulation (ion channel); therefore, the recognition of odorants by the insect receptors is closely followed by a conversion of the stimuli to current flow. Although the mechanisms for the recognition of odorants are unclear, the oocytes expressing the insect olfactory receptor "sniff out" the odorants with high sensitivity. Our used receptors include the BmOR1, BmOR3, PxOR1, and DOr85b receptors, which come from the silkmoth (Bombyx mori), the diamondback moth (Plutella xylostella), and the fruit fly (Drosophila melanogaster) (23) (24) (25) (26) . Especially, the availability of DOr85b implies that the system can be applied to detect odorants as well as pheromones. These receptors are known to be involved in the regulation of ion flow through plasma membranes by selective recognition of the corresponding pheromones or odorants, bombykol, bombykal, Z11-16:Ald, and 2-heptanone, respectively (Fig. 2) .
Results and Discussion
Optimal Conditions for Oocyte Installation. We designed a fluidic channel that could trap an oocyte with two glass capillary electrodes along a streamline in the channel. Here, we evaluated the optimum conformation of the fluidic device for Xenopus oocyte trapping and electrophysiological measurements. The fluidic device was made of acrylic material. Two glass capillary electrodes were symmetrically placed in the device along the channel ( Fig. 1 B and C) . In the case of multichannel detection, they were installed in series as described in Materials and Methods.
First, we investigated the appropriate configuration of the two glass capillary electrodes because the geometrical parameters of the setup including the glass capillary electrodes will influence the current recordings; intensities of cell responses vary according to the position of the current electrode in the cell (27) . Fig. 3A shows that a correlation exists between the "distance between the tips of the two glass capillaries" and the "relative ratio of signal current." Each signal current recording was normalized to the distance of 570 μm. We found that the optimal values for the signal current recordings were in the range between 500-600 μm for efficient measurements of the signal current.
Second, we examined the optimum flow rate and the angle between the two glass capillaries for stable oocyte trapping. Fig. 3B shows that the success rate of glass electrode insertion into the oocytes depends on the flow rate (less than 1, 1-1.9, and 2-2.3 mL∕ min) and the angle (15°, 30°, 45°, and 60°) between the two glass capillaries as seen in Fig. 3B Inset. The result means that the lower the angle is between the two glass capillaries, the easier it is to insert glass capillaries into the oocytes and for the oocytes to detach from the capillaries. It was also found that a flow rate of more than 2 mL∕ min facilitated the glass electrode insertion into the oocytes. However, it was found unfavorable , and these receptors respond to (E,Z)-10,12-hexadecadien-1-ol (bombykol) and (E,Z)-10,12-hexadecadienal (bombykal), respectively. PxOR1 is a sex pheromone receptor of the diamondback moth, (Plutella xylostella), which responds to (Z)-11-hexadecenal (Z11-16:Ald). DOr85b is a receptor of the fruit fly (Drosophila melanogaster), and it responds to 2-heptanone as an odorant.
Fig. 3. (A)
Correlation between the distance between the tips of the two glass capillary electrodes (Inset) and the relative ratio of signal current. Each signal current is normalized by comparing with the maximum current as 1.0 in the case of a distance of 570 μm. Error bar: AESD. Each data point is denoted as n. The rate in the case of using a θ tube is shown as a reference. (B) Bar graph indicating the success rate of glass electrode insertion into oocytes depends on the flow rate (less than 1, 1-1.9, and 2-2.3 mL∕ min) and the angle (15°, 30°, 45°, and 60°) between two glass tubes as seen in inset. Each data point is more than 10 measurements. Line graph indicating the minimum backflow rate when oocytes escape from the gap between the tips of the two glass capillaries. Error bar: AESD. Each data point is more than 8 measurements.
that oocytes detached from the glass capillaries due to the backflow that was generated occasionally from the pulsing motion caused by pumping. And, the glass capillaries penetrated through the oocyte when the flow rate was too high (> about 2.3 mL∕ min). As a result, the optimal values for the angle between the two glass capillaries and the flow rate for stable trapping of oocytes were determined to be 30°and ∼2 mL∕ min, respectively. Under these conditions, it is evident that in our proposed system, conventional electrophysiological setups (e.g., micromanipulators and a microscope) are unnecessary. The semiautomatic measurements are thus accomplished due to the high reproducibility of the oocyte installation system. Quantitative Sensing. Fig. 4A shows the differences in signal current value obtained at low concentrations of bombykal. The signal current values increased as the concentration of bombykal in the solution increased when an oocyte expressing BmOR3 was used. Our proposed device achieved sensitivity of 10 nM that means about 2 ppb in solution (t test, n ¼ 6, P < 0.001).
Furthermore, we checked the quantitative performance of the sensor using four different chemicals, bombykol, bombykal, Z11-16:Ald, and 2-heptanone for four different chemical receptors, BmOR1, BmOR3, PxOR1, and DOr85b, respectively. Fig. 4B shows the measurement results of the dose-dependent response for these four receptors. The results indicate that the sensor can quantitatively detect several chemicals with high reproducibility in the dynamic ranges of about 10 nM-1 μM. We could record stable signal currents in the case of using single oocytes (Fig. 4A) . However, there was variation depending on the individual differences of the oocytes and the kinds of odorant receptors. We think that the differences of signal currents are mainly due to each receptor's expression level (28) , which is supported by our Western blotting result (Fig. S1 ). In our experiment, the EC 50 values of BmOR1, BmOR3, PxOR1, and DOr85b were 0.25, 0.38, 2.52, and 45.6 μM, respectively; these values are basically reasonable when compared to the reported data (24) (25) (26) . For practical use, reproducible measurements will be achieved by construction of stable expression systems and generating a standard curve.
Currently, more than 50 insect odorant receptors have been analyzed using Xenopus oocytes (29) , and engineered olfactory receptors for chemical sensing systems are widely studied (10) . These receptors can be essentially applied to our proposed device to detect various chemicals. Hence, we believe that the utilization of the Xenopus oocyte has high versatility for the development of chemical sensors for various odorants.
Multichannel Sensing with High Selectivity. The proposed fluidic system is considered suitable for making an array of cells combined with an electrical measuring system. We examined the selectivity of the sensor for target chemicals by simultaneously detecting bombykol and bombykal that are ligands for BmOR1 and BmOR3, respectively (23, 24) (Fig. 2) . We initially added 10 μL of a 100-nM bombykal solution and then 10 μL of a 3-μM bombykol solution to the sensor device that had two oocytes expressing BmOR1 and BmOR3, respectively (Fig. 5) . The result shows that the sensor can recognize bombykol and bombykal in the same fluidic channel, indicating that our method allows the detection of chemicals with only a slight difference in their respective chemical structures, such as double bond isomerism and different types of functional groups such as ─OH, ─CHO and ─Cð═OÞ─. The responses that were checked by using the ligand cocktails also indicated the high specificity (Fig. S2) . The discrimination has been difficult for conventional portable odorant sensors. Moreover, these differences are conventionally detected using techniques that require large instrumentation such as gas chromatography mass spectrometry (30) . Since the proposed fluidic device is compact (5 mm × 30 mm × 45 mm), we think that the device has the potential to be used as a portable cartridge-type multichannel chemical sensor for application in determining either changes in the chemical composition of chemicals in the environment or as a health monitoring device.
Integration of the Sensor with a Robot. Sensor systems for measuring cell responses (e.g., electrophysiological recording), such as the patch clamp technique, typically employ a noise reduction system such as a Faraday cage to cancel out background noise and to maximize the signal-to-noise ratio. This configuration is usually indispensable when the sensor is used under noisy conditions. We mounted the sensor device onto a robotic system without any noise reduction system. As shown in Fig. 6A , we installed the sensor device into the head of a robot mannequin and connected it to an electric motor via an amplifier. The sensor device was configured with an oocyte expressing PxOR1, whereas the electric motor was configured such that when the sensor device detected a threshold value of Z11-16:Ald, this triggered actuation of the electric motor causing the robot's head to move back and forth (i.e., shake) twice.
We initially added 100 μL of buffer solution as a negative control and subsequently added 100 μL of a 10 μM Z11-16: Ald solution to the sensor. The system successfully showed a high tolerance to noise, even during shaking (i.e., back-and-forth motion) of the robot's head (Movie S1). We evaluated the noise level determined by standard deviation of the peak values in the noise. As a result, the noise induced by the head shaking of the robot was AE150 nA (SD) and the background noise was AE10 nA (SD). On the other hand, the background noise was significantly high [AE260 nA (SD)] when we used a conventional open chamber that was positioned outside of the Faraday cage. We attribute the noise tolerance to (i) the closed and small fluidic system and (ii) the oocyte that is firmly impaled by the glass capillaries, which restrains its movement during the shaking. This demonstration implies that the sensor can be directly mounted on a moving robot programmed to react chemicals in the environment.
Conclusions
We have constructed a highly sensitive and selective odorant sensor using Xenopus oocytes expressing insect olfactory receptors. It was found that this sensor could detect different types of chemicals that have only a slight difference in chemical composition with sensitivity of a few parts per billion in solution. Moreover, we found that the sensor worked for multiple-target chemicals and can be integrated with a robotic system without noise reduction systems. Hence, this biohybrid sensor device provides an innovative platform to equip robots with odorant sensors. We believe that the sensor can potentially be incorporated into a machine that can be useful for several applications, including food administration, environmental monitoring, and health management.
Materials and Methods
Device Fabrication and Oocyte Trapping. The device was composed of fabricated acrylic material, glass capillaries (B100F-3, World Precision Instruments, Inc.), and Ag/AgCl electrodes (0.4 mm in diameter AG-401355, The Nilaco Co.) made in advance by dipping in a commercial bleach agent overnight.
The fluidic device was fabricated by machining a 5-mm-thick acrylic plate (Mitsubishi rayon, Acrylite L) with an automated computer-aided-design/ computer-aided-manufacturing modeling machine (Modia systems, MM-100) with a 1-mm diameter drill.
The glass capillary electrodes were fabricated from glass capillaries with filaments, with an outer diameter of 1.0 mm and an inner diameter of 0.75 mm (TW100F-3; World Precision Instruments, Inc.). The capillary was pulled using a P-2000 laser puller (Sutter Instrument Co.) preprogrammed to fabricate pipettes with an inner diameter of less than 50 μm. Parameters used were Heat: 260, Fil: 4, Vel: 100, Del: 150, and Pul: 90. The tips of the resulting capillaries had inner diameters of less than ∼50 μm.
The Ag/AgCl electrodes were inserted into the glass capillaries for the measurements of the oocyte responses. The capillaries were initially filled with a 3-M KCl solution.
The fluidic channel was filled with Barth's solution (88 mM NaCl, 1 mM KCl, 0.3 mM CaðNO 3 Þ 2 , 0.4 mM CaCl 2 , 0.8 mM MgSO 4 , 2.4 mM NaHCO 3 , 15 mM Hepes, pH 7.6). The solution was perfused constantly using a peristaltic pump. The solution flows in the channel at a flow rate of 1-2 mL∕ min.
For the installation of an oocyte, the oocyte is first introduced and flowed into the fluidic channel, and it can be then trapped by insertion of two glass capillary electrodes embedded in the fluidic channel. In the case of multichannel measurements, we installed the multiple oocytes to the trapping area one by one before sealing with the lid of the fluidic channel; they were then captured after sealing with the lid (Fig. 5 Inset) .
The trapped oocytes are exposed to the solution containing chemicals solubilized by 1% DMSO. Even though a difference in protein expression has been reported between the vegetal pole and the animal pole of the oocytes (15, 31) , the point of insertion of the electrodes into the oocytes is not considered to cause a significant difference in measurements using the TEVC method. Therefore, we did not control the orientation of the oocytes in our proposed system.
Receptor Expression in Xenopus laevis Oocyte and Electrophysiological Recording. Stage V to VI oocytes were treated with 1.5 mg∕mL collagenase (Wako Pure Chemical Industries, Ltd.) in Ca 2þ -free saline solution (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM Hepes, pH7.5) for 1.5 h at 20°C. The oocytes were then microinjected with 25 ng each of the odorant receptor gene (BmOR1 or BmOR3 or PxOR1 or DOr85b) RNA and coreceptor protein gene (Or83b family gene) RNA synthesized by mMESSAGE mMACHINE (Ambion Inc.). The injected oocytes were incubated for a few days at 20°C in Barth's solution supplemented with 10 μg∕mL penicillin and streptomycin. We used oocytes that were nearly the same size as each other [1.3 AE 0.1 mm (SD), (n > 100)] and showed no significant differences in their responses. The signal currents of the oocytes were recorded with a two-electrode voltage clamping method using a custom-built multichannel amplifier (Triton, Tecella, LLC). The currents were monitored every 100 μs at a hold voltage of −80 mV. In the case of using oocytes expressing BmOR3, the response remained viable in the device for about 12 h at room temperature (Fig. S3) .
Chemicals were prepared in Barth's solution including 1% DMSO. Concentrated stock solutions (20 μL) of each of the chemicals were added to the recording bath to provide the indicated final concentrations. Additionally, we think that systems for the solubilization of ligands into the device will help our system. Although ligands are dissolved by DMSO in this study, gas permeable materials and usages of odorant-binding proteins will be useful for incorporation of volatile chemicals into the fluidic device (32) .
Robot Integration. The sensor device was set inside the head of a robot mannequin made of styrofoam, and ligand solutions were injected into the fluidic channel connected with a plastic tube passing through the head of the robot.
The Ag/AgCl electrodes were connected to an electric motor through the amplifier and a programmed microcomputer (Coron, Techno-road Co.). The electric motor was controlled by the microcomputer to move back and forth two times when the signal was over the threshold. We simultaneously monitored the shaking of the robot head and the current tracing using the computer attached to the amplifier.
